This contribution reports on charge and spin transport through graphene nanoribbons (GrNs) and carbon nanotubes (CNTs). The paper focuses on the giant magnetoresistance effect in these materials, and their potential usefulness for spintronic applications. As examples, the following devices are shortly discussed: GrNs in the ballistic transport regime, a CNT-based Schottky-barrier field effect transistor (CNT SB-FET), as well as CNT quantum dots in the Coulomb blockade limit.
Introduction
Carbon nanotubes have been intensively studied since the early nineties of the last century, whereas a single layer of graphite, i.e. graphene (Gr), has been studied for six years now. These graphitic structures have extraordinary physical properties. They are expected to play a similar role in the novel electronics to that of silicon in the conventional electronics [1, 2] . This is a very promising perspective, because Si-based electronics is beginning to face some fundamental limitations. With the progress of
Results and discussion
Due to a large value of the spin relaxation length [4] , carbon-based structures are also very promising for potential applications in spintronics. It was experimentally demonstrated that, when sandwiched between ferromagnetic electrodes, they reveal a pronounced giant magnetoresistance (GMR) effect [5] [6] [7] . As concerns theory, i.a. Refs. [8] [9] [10] [11] [12] are devoted to this problem. The GMR effect depends on chirality of the given graphitic struc-Remarks on theoretical modelling of spin-dependent electronic transport in carbon nanotubes and graphene ture, as well as on its geometrical dimensions characterized by the so-called aspect ratio, A, equal to the ratio of the width (perimeter) of the graphene nanoribbon (nanotube) to the length. Figure 1 presents GMR of a nanoribbon for indicated parameters A, and the current directions of highest symmetry. The results have been obtained numerically, using a tight-binding approach, as described in [9, 12] , and simple atomistic structural models. These models exploit the coincidence that a lattice constant of Gr is close to nearest neighbour distances in 3d transition metals (see insets to Fig. 1 ). Noteworthy, metallic electrodes are infinite in the transverse directions and semi-infinite in the longitudinal one. The mathematical formalism is based on the recursive Green function method, so the calculations are performed in terms of matrices whose rank is equal to the number of C atoms in the periodicity unit of the given nanostructure, with the full width (perimeter) of the GrN (CNT), and the length of just one unit cell in the transport direction
Electronic transport is also strongly influenced by the quality of a graphitic-structure/metal-electrode interface.
If the interfaces are of good quality, a ballistic transport regime may take place, with a characteristic Fabry-Perot type period, inversely proportional to the length (distance between source and drain electrodes), see Fig. 1 . Otherwise, the Coulomb blockade (C B) limit can be realized, with a spectacular diamond structure of the differential conductance plotted against bias (V ) and gate voltages (V ) [11] . In this case, electron-electron correlations play a crucial role, leading to a resonance type of transport beyond the blockade regions (sequential tunnelling), and very weak currents inside the C B due to cotunnelling (second order processes). The conductance and shot noise spectra, calculated by means of the real time diagrammatic technique [11] combined with the Oreg model [13] , resemble those found experimentally (see e.g. [14] ) and reveal a pronounced four-fold structure due to orbital and spin degrees of freedom, as shown in Fig. 2 . Importantly, for occupancies by even numbers of electrons a super-Poissonian shot noise (S) was identified (i.e. with a Fano factor F = S 2 I > 1), and interpreted as resulting from fast bunching processes due to lifting of the thermal blockade for electrons tunnelling to the drain via excited states of the CNT-quantum dot. Another interesting case corresponds to the CNT-based Schottky-barrier field effect transistor (CNT SB-FET). Referring the interested reader to Ref. [15] for a detailed description of the method it should be pointed out that this approach is a kind of generalization of the standard theories -developed for quantum wires [16, 17] -so as to adjust them to CNT systems. One of the noteworthy features of the present model is the way the interface has been modelled. In particular, the interface atoms positions have been found by a relaxation procedure (under the Lennard-Jones potential) which allows contacting metal/carbon atoms to change their mutual positions until the minimum energy state is reached. Figure 3a schematically illustrates the energy band structure, and Fig. 3b presents the main quantities of interest here, i.e. current-voltage characteristics and the Fano factor (the latter is multiplied by 100) and tunnel magnetoresistance (inset). Notably, the ON/OFF ratio of this device reaches 10 5 for a (14 0) zigzag CNT sandwiched between two fcc(111) metallic electrodes. If the electrodes are ferromagnetic, a tunnelling magnetoresistance, TMR, appears (model external leads are assumed to be either 0% or 50% spin-polarized). The TMR ratio can reach quite considerable values and happens to be very sensitive to the bias voltage, as readily seen from the inset. The Fano factor is sub-Poissonian, and it typically equals 0.5 outside the energy gap region. Incidentally, it is well known that zigzag CNTs of ( 0) chirality and ( 3) = 0 are semiconductors with vanishing current in the OFF-state. In contrast, monolayer graphene sheets have no energy gap and consequently the corresponding OFF/ON ratio is much too high to exhibit a good FET performance. In specific conditions, the carbon-based structures can also behave as a Luttinger liquid or reveal the Kondo effect [10, 18] .
Conclusions
Summarizing, it has been shown that graphitic structures, like graphene nanoribbons and carbon nanotubes, are promising materials for modern magneto-electronics (spintronics). Their attractiveness results from a long spin coherence length, which ensures a pronounced GMR (TMR) effect for setups consisting of carbon-based structures sandwiched between ferromagnetic contacts. Typically the aforementioned effects are of the order of several tens percent. Remarkably, the GMR effect in quasi-ballistic GrN setups depends strongly on the current direction (e.g. zigzag vs armchair) and on the aspect ratio of the graphene flake under study. Likewise, CNTs behave similarly in the ballistic transport regime, moreover they seem to be much more useful for the construction of carbon-based FET prototypes than their GrN-based counterparts. It is noteworthy that the GMR (TMR) effect in both CNT and Gr-based devices with ferromagnetic contacts can be effectively controlled electrically, by means of bias and gate voltages.
